Abstract. Expanding previous studies of human cerebral cortical sexual dimorphism showing higher neuronal densities in males, we investigated whether gender differences also exist in the extent of neuropil, size of neuronal somata, and volumes of astrocytes. This histo-morphometric study includes select autopsy brains of 6 males and 5 females, 12 to 24 yr old. In each brain, 86 defined loci were analyzed for cortical thickness, neuronal and astrocytic (8 loci) density (stereological counts), and neuronal and astrocytic (8 loci) soma size, enabling calculations of neuropil and astrocytic volumes. The female group showed significantly larger neuropil volumes than males, whereas neuronal soma size and astrocytic volumes did not differ. The expanded data confirmed higher neuronal densities in males than in females without a gender difference in cortical thickness. These findings indicate that fundamental gender differences exist in the structure of the human cerebral cortex, with more numerous, smaller neuronal units in men and fewer, larger ones in women; they may underlie gender-specific abilities and susceptibilities to disease affecting the neocortex. Laterality differences between the sexes were restricted to neuronal soma size showing significantly larger values in the female group in the left hemisphere. This gender difference may support female's right-handedness, language advantage, and tendency for bilateral activation patterns.
INTRODUCTION
Until recently, the physical bases underlying functional differences in the cerebral cortex of men and women have been elusive. Complementing a growing number of studies using a wide range of approaches, the present morphometric studies of the human cerebral cortex seek to contribute to the understanding of structural differences that may underlie the readily perceived and psychometrically demonstrable functional differences exhibited by men and women. One of the most firmly established differences between their brains is the larger size and weight of that of males, from birth onwards, with an adult male to female (M:F) weight ratio of 1.098 (1) . Because the brain size of mammals increases with body size, the human M:F gender ratio in adult stature of 1.079 (1) accounts for at least part of this difference. Based on the difference in height (stature) alone, the extrapolated M:F brain volume ratio is 1.257 (ϭ 1.079 3 ), which exceeds the observed ratio.
Our previous studies demonstrated the human, cerebral cortical cytoarchitecture to be sexually dimorphic, that is, the male cerebral cortex showed a 15% higher average neuronal density than did the female cortex (2) . They also indicated that the 2 gender groups possess a similar average cortical thickness. Therefore, the male's higher cortical neuronal density implies that the female cortex possesses more neuropil, larger perikarya, and/or more astrocytes. Hence, we presently assessed these parameters quantitatively.
The higher neuronal density in male than female cortex does not seem to be caused by gender differences in stature because cortical neuronal density declines with increasing body size in gyrencephalic mammals (3) . Thus, brain size differences in men and women imply the presence of lower, not higher, neuronal densities in the human male cortex. This discrepancy suggests that other influences, such as effects of gonadal hormones, are responsible for the gender differences in cortex at the histological level.
Sparked by subtle but readily perceptible gender differences in cognitive functions and aided by technical advances, there has been a considerable increase in brain studies exploring gender differences that are not directly associated with reproductive functions. Postmortem and brain imaging morphometry have permitted gross morphologic differences in brain compartments to be made and then to be related to gender and cognitive measures. Thus, women tend to possess larger (or more bulbous posterior) callosal volumes than do men (4) (5) (6) (7) (8) . Furthermore, the brains of men compared to women are characterized by larger left-sided inferior parietal lobules (9) . Women also possess proportionately more gray matter than men while men are endowed with brains richer in white matter (10, 11) . Physiologic measurements demonstrate higher (or a trend towards higher) brain perfusion and metabolic rates in female brains than in male (12) (13) (14) (15) . Histologically, Jacobs et al (16) found slightly greater dendritic values for female Wernicke's area than
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The female brain has been characterized as exhibiting more frequent functional activation of both cerebral hemispheres and of possessing a lesser degree of morphologic laterality. Functional activation studies for language and spatial tasks demonstrate trends in women towards more bilateral and, in men, towards more unilateral activation patterns (18, 19) ; these concur with EEG findings and with lesion-induced neurologic deficits that differ between men and women (20) . Also, the patterns of hemispheric functional interactions support the notion that women experience stronger interhemispheric interactions and that men have stronger intrahemispheric interactions based on positron emission tomography data (21) . Thus, histologic laterality differences in the cortex of males also could be expected. Surprisingly, however, the present study demonstrates only a single laterality difference among 6 histologic parameters with the female group, rather than the male, showing larger perikarya sizes in the left hemisphere.
MATERIALS AND METHODS
The present histo-morphometric study extends an earlier report (2) in scope (adding soma size measurements of neurons and astrocytes and density measurements of astrocytes) and in size (the number of cortical loci studied was increased from 60 to 86). It represents a portion of a large morphometric, cytoarchitectural data set characterizing the normal human cerebral cortex, assessed quantitatively from the early fetus to the adult by the late Theodore Rabinowicz, MD. It represents an extension of the work by von Economo and Koskinas (22) and by Conel (23) . The techniques used are similar as those described for a study of nerve cell number estimates in the cortex of the human fetus and infant (24) .
Study Population
This study utilizes the autopsy brains of 6 males and 5 females, 12 to 24 yr old, who met strict inclusion criteria for normative data as described in detail elsewhere (2) . In brief, we selected healthy individuals with normal school or work performance after they had died unexpectedly, mostly from accidents. Even though accidental death per se represents a selection, its effect seems unavoidable as long as the proposed investigation can only be performed on postmortem brain tissue. The interval from death to brain removal ranged from 3.5 to 20 hr in the male group and 3.5 to 30 hr in the female group. The 2 gender groups were comparable regarding the occurrence of brain edema expected in most acute deaths (25) . There were no differences in fresh brain weights, expressed as percents of normal values for gender and age from Dekaban and Sadowsky (1): 111% Ϯ 12% for the 6 males and 110% Ϯ 10% for 4 females (values represent means Ϯ SD). One of the female brain weights was not available and in another female only the right cerebral hemisphere was studied. Chronologically, the male and female brains were studied in the following random order (male M, female F and age in years): F22, M12, M24,  F13, M14, F12, M21, F19, M15, F16 and M17. Four of the 6 males were right-handed, 1 was left-handed, and the sixth's hand preference was unknown. Three of the 5 females preferred the right hand while hand preference was unknown in 2. The presence of 1 left-hander among 11 individuals is an expected rate, as 90% of the US population is right-handed (26) .
Cortical Tissue Sampling and Processing
The brains were fixed in 10% non-buffered formalin (pH ϭ 6.4) for a minimum of 3 wk. All of the tissue samples measuring 2 ϫ 0.5 ϫ 1 cm were obtained by the principal investigator (TR) from discrete, homologous sites strictly perpendicular to the long axis of the convolution. This tissue sampling procedure was adopted because coronal sections of the brain result in oblique sections, which may preclude accurate measurements of cortical thickness. The samples were obtained from 43 bilateral topographically defined cerebral cortical sites schematically illustrated in Figure 1 using the classifications of von Economo and of Brodmann (22) .
Precisely timed and uniform embedding, cutting, and staining techniques were employed and detailed cytological criteria were used to identify cell types (2, 27) . All tissue blocks were dehydrated in ascending alcohol concentrations, cleared in methyl salicylate, and embedded in paraffin. The tissue blocks were sectioned at 25-m thickness, ribbons of tissue floated onto slides using a temperature controlled water bath, minimizing folds and gaps. Sections were deparaffinized and stained with aged cresyl-violet in a 1% aqueous solution for 15 min at 60ЊC and for 15 min at room temperature to achieve optimal staining of the cell somata.
Morphometry
All morphometric measurements were carried out by one investigator (JM-CP) eliminating variation due to differences between multiple observers. The principle investigator (TR) assured the consistent application of the techniques throughout the study through systematical re-measurements of previously analyzed loci. Cortical thickness, neuronal and astrocytic densities, and dimensions of neuronal and astrocytic somata (cell bodies) were measured directly. Neuronal numbers per standard cortical column, neuronal and astrocytic soma sizes, neuropil volume per neuron, neuropil volume per cortical column, and astrocytic soma volume per cortical column were derived (calculated) from these direct measurements.
The thickness of the entire cortex and that of each cortical layer were measured choosing an area with minimal thickness (exclusive of depth of sulci). For this purpose, we used a lowpower microscope objective fitted with a micrometer ruler. The mean of 5 or more measurements was entered as primary data.
Cell densities of neurons and astrocytes (restricted to 8 representative sites), respectively, identified by the presence of specific cytoarchitectural features, were obtained by means of cell counts using a high aperture 100ϫ oil-immersion lens fitted with a grid system covering a total area of 0.01 mm 2 divided into 60 squares. Within each square, stereological counts of cells were achieved through adjustments of the fine focus throughout the section thickness by systematically counting of all qualifying cells positioned within the frame and on 3 of the 6 frame margins in successive planes of focus. This method accords with optical dissector and optical fractionator principles of stereological counts (28) . The mean of at least 5 counts of the 60 squares was multiplied by 4 (0.025-mm section thickness ϫ 4 ϭ 0.1 mm) to achieve the cell density in a cube with 0.1-mm side length and multiplied by 1,000 for density/mm 3 . For estimates of pyramidal neuronal soma sizes in micrometer 3 Nerve cell number estimates were calculated as the product of neuronal density times cortical thickness that is equal to the sum of the thicknesses of the 6 cortical layers. This product reflects the number of neurons in a standard column of cortex with a fixed surface area of 1 mm 2 . The accuracy of these estimates is highest when using the sum of each cortical layer's mean nerve cell density multiplied by its thickness, a product which takes into account the lack of homogeneity of neuronal density. However, because the results of the latter procedure correlated tightly with the product of total cortical thickness multiplied by the average cortical neuronal density, we applied the simpler method (analysis of 5 loci, 11 subjects yielded a linear correlation coefficient r ϭ 0.9697, p Ͻ 0.0001).
Neuronal soma volumes per standard column of cortex were estimated as the product of the average pyramidal neuronal soma size multiplied by the neuronal number per cortical column (neuronal density ϫ cortical thickness). Use of this formula may be justified by the following facts: pyramidal neurons strongly predominate in most types of cortex (29, 30) ; analyses of Golgi-impregnated neurons also focus on pyramidal neurons (31, 32) ; and solely pyramidal neurons contribute to hemispheric temporal lobe differences (33) . Neuronal soma volumes derived in this manner may be overestimates because non-pyramidal (stellate and granular neurons) compared to pyramidal neurons tend to be smaller. On the other hand, the more spherical shape of the non-pyramidal neuron implies volumes that are approximately 2 times larger than cone volumes when having an identical diameter.
Estimates of neuropil volume per standard column of cortex were calculated as cortical column volume minus the aggregate volume of neuronal somata. For the 8 loci with astrocytic data, the formula was additionally calculated as cortical column volume minus the sum of the volumes of both neuronal and astrocytic somata. These calculations permitted comparisons to be made of neuropil volumes either including or excluding the astrocytic soma volumes in the 2 gender groups.
The average neuropil volume per cortical neuron gives an estimate of the volume of the cortical neuropil attributable to an average neuron. It includes not only the corresponding dendritic arborization and a portion of its axon, but also afferent fibers as they relate to cortical neurons. We calculated neuropil volume per neuron as neuropil volume per cortical column divided by the number of neurons per cortical column.
Measures of Gender Differences
To characterize possible gender differences in the parameters measured, we calculated the mean values for each measure and cortical locus for the male and female groups. Large, up to 4-fold differences in the values from cortical site to cortical site (the ranges are shown in Table 1 ) led us to use male to female (M:F) ratios for each locus as a way to isolate gender differences from confounding site-specific variability. An additional advantage of using ratios of the comparison groups consists in dividing out influences from extrinsic factors, provided they affect the groups equally. Thus, depending on the number of subjects, this approach attenuates or eliminates the effects of tissue shrinkage due to paraffin embedding (estimated at 51% reduction [34] ) on variances in the histologic section thickness and in location of sample sites. Such variances are expected to be similarly distributed among the study's male and female brain sections given standardized sampling, embedding and counting techniques, random study order, and similar development of brain edema and ranges of times after death until brain fixation in the comparison groups. 
Statistical Analyses
We calculated means and SD/SEM for the 2 gender groups for the entire brain, the right and left-sided loci, and for functional groupings of loci. For the mean M:F ratios we calculated the respective 95% confidence interval (CI) to test if they included 1.0, the gender equivalent value. We then proceeded to statistical comparisons of the male and female groups using a mixed model analysis of variance for repeated measures applying the SAS PROC MIXED program (35) . Additionally, a Wilcoxon rank sum test for paired differences was used to compare the distribution patterns of the different parameters' gender differences. A p value of Ͻ0.05 was accepted as implying a significant difference. When statistical treatment is not otherwise specified, we used two-tailed comparisons. Table 1 , significant differences emerged for neuronal density and neuropil volume per neuron between the sexes, the data pertaining to 86 sampled right and left hemispheric sites. Cortical thickness, neuronal soma size, neuronal numbers per column, neuropil volume per column, and astrocytic volumes (vide infra) failed to differ significantly between the gender groups.
RESULTS

As shown in
Topographic Distribution
To assess topographic distribution patterns, we assigned each of the 86 cortical sites into 1 of 3 arbitrary categories: male predominant loci with M:F ratios Ͼ1.05, gender-equivalent sites with ratios of 0.95-1.05, and female predominant areas with ratios Ͻ0.95. Table 2 lists these distributions; see Figure 1 for topographic site abbreviations. Thus, a Ͼ5% gender difference in neuronal density, neuronal numbers per column, and neuropil volume per neuron was highly prevalent and present in 70%-83% of sites. For these 3 parameters, the sites with discordant and equivalent values affected isolated, scattered loci without exhibiting a consistent distribution pattern. A possible exception is a cluster of female predominant neuronal numbers per column in the right-sided somatosensory cortex concentrating 3 of the hemisphere's 5 loci with values Ͻ0.95. Also, for cortical thickness and neuropil volume per column, neither parameter showed any obvious regional clustering of gender predominant sites. No significant interactions of gender and hemisphere were detected for these 5 parameters.
Laterality
In contrast to the preceding findings, a significant laterality difference between the gender groups was found for neuronal soma size. The mean Ϯ SEM male and female values and the mean Ϯ SD M:F ratios in the left hemisphere were 825.5 Ϯ 13 m 
Functional and Regional Types of Cortex
To investigate the types of cortex that are most affected by gender differences, we additionally analyzed the data according to functional cortex types as defined by Benson (36) . The functional types included 1) primary motor (4FAy) and sensory (OC, 4PB, TC), 2) limbic (2LA, 2LC), 3) monomodal association (FAy-paracentral lobule, 2FB, 2FC, IA, IB, OA, OB, 4PC, PH, TB, TE, TF), and 4) hetero/supramodal association cortex (4FD, FE, FF, PE, PF, PG, TA, TH). The mixed model procedure for analysis of variance revealed no significant gender effect in primary and limbic regions for cortical thickness, neuronal density, neuronal soma size, neuronal numbers per cortical column, neuropil volumes per cortical column, and for neuropil volume per neuron. Monomodal association regions showed significant gender effects for neuronal density (p ϭ 0.013), neuronal numbers/ column (p ϭ 0.048), and neuropil volume per neuron (p ϭ 0.011) while cortical thickness, neuronal soma size, and neuropil volume/column did not reach significance. Hetero/supramodal association cortex showed fewer and weaker gender effects than monomodal association regions: significant differences for one-tailed comparisons were present for neuronal density (p ϭ 0.042) and for neuropil volume per neuron (p ϭ 0.0497). Hetero/supramodal association cortex failed to reach significant differences for cortical thickness, neuronal soma size, neuronal numbers per cortical column, and for neuropil volumes per cortical column.
In addition, association cortex, as defined by Benson (36), was analyzed regionally for effects of gender, including the frontal lobes, the temporal lobes, and the posterior regions combining the parietal and occipital lobes and the insula. None of the 6 parameters analyzed reached significance in the frontal lobes. Both the temporal and the posterior association loci differed between the sexes significantly for neuronal density (p ϭ 0.017 and 0.025), for neuronal numbers per column (p ϭ 0.0495 and 0.047), and for neuropil volumes per neuron (p ϭ 0.026 and 0.014), respectively. Cortical thickness, neuronal soma size, and neuropil volumes per column failed to reach significance in all 3 regions.
Astrocytes
The analysis of astrocytic soma volumes (sum of each layer's soma size multiplied by density) in 8 representative loci showed M:F ratios that averaged 0.984 Ϯ 0.069, i.e. failed to show gender predominance. The 8 loci's average Ϯ SD cortical volume occupied by astrocytic somata approximated 2% of the cortical volume: 6 males ϭ 0.05443 Ϯ 0.01349 mm 3 ; 5 females ϭ 0.05681 Ϯ 0.01338 mm 3 , a non-significant difference. 
DISCUSSION
This morphometric study explored gender differences in the cytoarchitecture of the human neocortex. Significant gender differences emerged, indicating larger neuropil volumes per neuron in the female group than the male group and a higher neuronal density in the male group than the female group. Gender differences regarding laterality were restricted to neuronal soma sizes with the female group exhibiting significantly larger perikarya in the left cerebral hemisphere compared to the male group. These findings indicate that fundamental gender differences in the structure of the human cerebral cortex exist, characterized by more numerous, smaller neuronal units in men and fewer, larger ones in women.
Strengths and Limitations
The cerebral cortex is a heterogeneous structure that lacks anatomically defined boundaries of functional units-except for striate cortex. Accordingly, we chose to systematically study a large number of topographically defined samples of the various cortical regions-indeed, all loci differed significantly from each other with respect to the cortical measures-in carefully selected subjects using standardized techniques to allow group comparisons to be made centered on gender differences. Even so, we restrained from focusing on individual sites for several reasons, including a small number of study subjects and the difficulty posed by extrapolation to discrete functions. Hence, there is no strict relationship between cortical topography and function (37) ; the variability in functional localization from individual to individual is large (38) and populations of neurons may support more than a single function.
Fundamental Differences-Overall Equivalence
The result of a larger number of cortical neurons in males than in females agrees with estimates of total neocortical neuronal numbers by Pakkenberg and Gundersen (39) . The 2 studies differ, however, regarding gender differences in neuronal density, possibly due to methodological differences as only modest numbers of neurons were counted in the latter study compared to our own (340/brain vs ϳ60,000/brain). A direct consequence of the larger number of cortical neurons in males than females is seen with MRI morphometry: a higher percent of cerebral white matter (constituted to a large extent by axons originating in the cerebral cortex) is present in the human male brain (10, 11) .
Our findings indicate that women possess significantly larger neuropil volumes per neuron than men. Neuropil, the space occupied between cortical cell bodies, consists of neurites, glia, and extracellular space with its fibrillary component containing mainly neurites (dendrites and axons with their synapses) (40, 41) . Taking into account that astrocytes make a negligible contribution to this aspect of cortical sexual dimorphism and that effects from neuronal soma sizes are included in the calculations, the larger volume of neuropil per average neuron in women compared to men implies the presence of an increased number of neurites with their associated synapses. An augmented capacity for information processing may be inferred given that Golgi studies show the extent of dendrites to be tightly correlated with synaptic numbers and ganglion cells to have a proportionate number of primary dendrites to the number of connecting axons (42, 43) . Nonetheless, inferences regarding synaptic density and numbers based on neuropil volume or even dendritic length are not necessarily accurate. For example, rearing animals in enriched environments generally increases both the dendritic lengths and spine density, whereas animals trained in specific tasks show changes in dendritic length but not in spine density (42) . Furthermore, dendritic spines are dynamic structures that can undergo fast morphological variation (44) . Whether or not gender differences exist in dendritic length, as well as in synaptic density cannot be answered at present and the question appears ripe for future investigation.
Our gender groups differ much less in average volume of neuropil per cortical column than per neuron. Thus, the 12 percent difference in neuropil volume per neuron is reduced to 3% per cortical column owing to the markedly greater number of neurons in the male cortex. Though achieved in different ways, the remarkably similar overall volume of cortical neuropil-and its associated integration capacity-in men and women may underlie their comparable average performance on IQ tests (45) (46) (47) (48) .
Furthermore, the similarity in total neuropil volumes in male and female brains probably accounts for the failure of the present study to detect a significant difference in cortical astrocytic volume between the sexes, as Sirevaag and Greenough (49, 50) have already shown that a change in neuronal morphology elicits a coordinated glial response.
Gonadal Steroid Effects
The regulatory mechanisms leading to morphologic gender differences in the brain, and more specifically in the neocortex, are incompletely understood but seem to be mediated, in part, by gonadal hormones. The perinatal steroidal environment profoundly influences sexually dimorphic nervous structures involved in reproductive behaviors (51) . The male gonadal hormone, testosterone and its metabolite estradiol, when active during a sensitive developmental period, reduce physiologic neuronal apoptosis in the sexually dimorphic nucleus of the rat hypothalamus, resulting in the retention of about twice the number of neurons than would be the case in the absence of such hormonal influence (52) . It seems possible that the inhibition of apoptotic neuronal involution by testosterone is mediated by its axon growth-promoting properties (53) , as these may enable axons to reach a larger number of target fields that provide neurotrophic factors and enhance neuronal survival (54) .
That gonadal steroid effects also affect functions other than reproduction may be deduced from the following 2 studies. Venkatesan and Kritzer (55) showed that neonatal gonadectomy in male rats modifies cortical circuits in the adult motor cortex, and Williams and Meck (56) demonstrated modifiability of the rat male advantage in learning a visuo-spatial maze task by perinatal exposure to testosterone. Therefore, just possibly, gonadal steroids may also be responsible for the sexual dimorphism of the human cytoarchitecture demonstrated in the present study.
Gender Differences in Specific Abilities
In biology, structure and function usually accompany each other, so that the finding that the human male and female cerebral cortex show fundamental differences in their construction implies the existence of perceptible differences in function. Indeed, psychometric tests reveal inherent gender differences. Males tend to excel in visualspatial and mathematical tasks (57, 58) , while females tend to perform better on language and memory tasks (59) (60) (61) . The same gender differences in cognitive performance have been shown to exist in different cultures (American and Japanese children), in both children and adults and at all age levels from 5 to 16 yr (62-64).
It seems possible that such psychometric differences relate to the structural cortical differences described in the present study. Thus, the male cortex's higher neuronal density with less neuropil per neuron may enhance the focus and specificity of cortical functions. Conversely, the female brain's larger extent of neuropil per neuron, which implies larger numbers of connections per average neuron, may enhance the integration of information from diverse sources. Importantly, the finding that cortical sexual dimorphism affects specifically association cortex in the temporal and parietal/occipital regions is compatible with psychometric differences in language and visuo-spatial abilities.
Although in general, primary cortical regions showed few gender differences, there is one exception: several clusters of cytoarchitectural parameters that are predominantly female affect the somatosensory cortex. These could correlate with gender differences in pain perception, a more intense sensation being perceived by females (65) (66) (67) .
Susceptibility to Cortical Disease
Gender differences in cortical cytoarchitecture may underlie certain gender-specific susceptibilities to diseases affecting the neocortex such as women's greater vulnerability to dementing illnesses for 2 reasons. First, death of a comparable number of nerve cells may be expected to lead to more severe functional impairments in females than in males owing to their greater loss of dendrites and synapses per nerve cell lost. Second, the female brain's smaller total number of cortical neurons could be associated with a more restricted functional reserve so that its threshold for functional deficits is more readily reached and surpassed.
Given a strong effect of age, which causes a doubling of the prevalence of dementia every 5 yr (68), women's greater susceptibility to dementing illnesses is due in large part to their greater longevity. Nonetheless, after correction for age, women remain more frequently and more severely affected by dementia than are men (69) (70) (71) . Disparate causes for dementing illnesses all affect females more often and severely than males. They include Alzheimer disease (70) , increased vulnerability of female relatives of Alzheimer disease patients (72), multi-infarct dementia (70), Down syndrome-associated dementia (71) , and even Korsakoff's syndrome caused by nutritional deficits (73) and a greater loss of gray matter in alcoholic women compared to alcoholic men (74) . The fact that a wide variety of dementing illnesses affect women more than men implies a specific male/female susceptibility difference rather than disease-specific gender differences. This interpretation is further supported by the finding that non-cortical neurodegenerative brain disease, for example Parkinson disease, does not share the same female predominance (75) .
Regarding schizophrenia, with its nearly 2 times higher prevalence of males than females (76) , normal gender differences in cortical circuits implied by the present data, may predispose males to faster progression and different expressions of the disease (77, 78) . Such a relation is further supported by the finding that 1) the prefrontal cortex of schizophrenics shows a higher neuronal density (reduced neuropil) than controls (79), and 2) schizophrenics show decreased volumes of the left superior temporal gyrus and mesial temporal lobe with the degree of such anomalous laterality correlating with male but not female disease onset (80, 81) . Also, Baird et al (82) showed a striking divergence of functional MRI-assessed activation in the temporal region during verbal recall between male schizophrenics and both female patients and normal controls.
Large gender differences are reported for brain diseases causing mental retardation and difficulty in reading; males being more adversely affected, as compared with females, by factors of 1.5 and 3.5, respectively (83, 84) . We previously proposed that cortical nerve cell overproduction and elimination may affect damage repair in fetal brains and this factor may account, at least in part, for the large gender differences in mental retardation/learning disability (85) . Thus, the large number of cortical neurons physiologically involuted during gestation-estimated as being over 2 billion cells more in female fetuses than in males in view of the later gender difference in numbers of neurons (85)-may temporarily enhance brain plasticity as this overproduced cell population could be called upon to repair more completely early brain damage.
Handedness, Language, Laterality
Human-specific cortical functions including handedness and language are preferentially localized to the left hemisphere. For most individuals, irrespective of handedness, the left hemisphere is dominant for the semantic aspects of language. Geschwind and Levitsky (86) first described, and others subsequently confirmed, a physical laterality difference that probably underlies this functional specialization in the form of a larger left-sided planum temporale. Similarly, Zilles et al (37) have observed a correlation between manual skills and expansion of the contralateral central sulcus. In addition to expansion of the relevant brain substrate, more extensive dendritic arborizations in Wernicke's speech area and a larger Broca's language region with a higher neuronal density on the left compared to the right hemisphere have been described (16, 38) .
Regarding handedness, Amunts et al (87) demonstrated macroscopic brain differences in the depths of the central sulcus related to handedness. However, the finding that the central sulcus contralateral to the preferred hand is deeper was present only in males, while in females such a relation was not found even though gender did not affect handedness. Similarly, the anatomy of the Sylvian fissure correlated with handedness in men but not in women (88) . On the basis of these findings, Amunts et al (87) suggested that the substrate underlying hand-preference in women might reside at the histological level. The present finding of significantly larger neuronal soma sizes in the left hemisphere of women may represent this postulated histological difference and may account for left hemispheric specialization in right-handed females. Larger, left-sided neuronal somata may also contribute to the superiority of females in the performance of specific language functions.
For such a correlation to be credible, a link between increased neuronal soma size and augmented functional ability should exist. Several lines of evidence support the notion that neuronal soma size correlates with the extent of its related neurites and relates to its information processing capacity: 1) Neuronal soma size correlated linearly with neuropil volume per neuron in the present data (172 data pairs, correlation coefficient r ϭ 0.632, p Ͻ 0.05). 2) Neuronal soma size and the extent of neuropil were both increased by overexpression and decreased by inhibition of an insulin-like growth factor in transgenic mice (89) . 3) Anderson and Rutledge (90) demonstrated a correlation between neuronal soma sizes and the size of dendritic arborization and synaptic density. 4) Diamond et al (91) demonstrated that rats reared in enriched compared to impoverished environments showed increased neuronal soma sizes. 5) Conversely, regions affected by an increased neuronal packing density (i.e. reduced neuropil) also have smaller neuronal soma sizes in brains of schizophrenics and in Huntington disease as compared with normal individuals (92) .
In view of a widespread distribution of female predominant left hemispheric perikarya sizes (Fig. 1) , more generalized effects than those related to handedness and language may be suspected, possibly relating to gender differences in brain laterality. Converging evidence indicates that the human male cortex is functionally and structurally more lateralized than the female brain. Thus, both left and right hemispheric lesions tend to cause more severe deficits in men than in women (20) and experimental cortical lesions in young rhesus monkeys confirmed sex-dependent behavioral effects (93) . The hypothesis of a greater laterality in the human male brain compared to the female brain received further support from functional activation patterns seen as alpha-rhythm suppression in EEG recordings (20) . Brain activation studies using functional MRI confirmed that male brains tend to activate only 1 hemisphere whereas female brains tend to activate both for a variety of functions (18, 19, 67) . Also, a number of morphological studies demonstrate a greater interhemispheric asymmetry in the male as compared with the female brain. They include the motor cortex (87) , the planum temporale (94) , the Sylvian fissure (88), the auditory cortex (95), the cytoarchitecture of Broca's region (38, 96) , frontal petalia (97) , and the gyrification index of the left and right hemisphere (37) .
In view of the preceding findings, surprisingly, the only gender difference uncovered by the present study related to laterality was that women, not men, exhibited significantly larger neuronal soma sizes in their left hemisphere as compared with their right. This difference, however, seems plausible in terms of representing an anatomical counterpart for preferential, bilateral activation patterns in females. If so, the interhemispheric white matter connections should be bigger in females. Though controversy has accompanied the subject, portions of the corpus callosum, the largest of the interhemispheric connections, has indeed been shown to be larger in females than in males (4) (5) (6) . This result remains when corrected for brain size differences (7, 8) (10, 11) . Furthermore, the anterior commissure, connecting the 2 temporal lobes, was 12% larger in females than in males despite the fact that the male brains were larger than the female (98) .
Finally, a relationship between the size of neuronal perikarya and that of their target should exist as a corollary of our hypothesis, viz. that the larger left hemispheric perikarya in women serve as a substrate for the more prevalent bilateral activation patterns in females. In support of such a relationship, Collins et al (99) demonstrated reductions in motoneurons' soma size with atrophied target musculature, and Diamond et al (91) showed a relation between cortical neuronal soma size and enriched rearing environments. Thus, this hypothesis may warrant further exploration.
Implications
Understanding the forces that have sculpted the structural gender differences in the human cerebral cortex, leading to more numerous, smaller neuronal units in men and fewer, larger ones in women, will need to be the focus of future investigation. There is a clear prediction that such morphological differences imply the existence of gender differences in information processing, cortical circuit organization and, possibly, in the balance of neurotransmitter systems. As the present findings offer a structural basis for gender differences in cognitive functions and compellingly explain gender-specific predisposition to various cerebral diseases, this greater understanding can be applied to the fields of medical treatment and education. Thus, these findings may motivate educators to devise teaching concepts that optimize learning by using each gender's specific strengths. Overall, however, in spite of being achieved in different ways, these cortical data demonstrate a remarkable structural equivalence in the neuropil of men and women, thereby implying their comparable cognitive potential.
